ABSTRACT Previous observational studies of the infrared (IR)-radio relation out to high redshift employed any detectable star forming systems at a given redshift within the restricted area of cosmological survey fields. Consequently, the evolution inferred relies on a comparison between the average IR/radio properties of (i ) very IR-luminous high-z sources and (ii ) more heterogeneous low(er)-z samples that often lack the strongest IR emitters. In this report we consider populations of objects with comparable luminosities over the last 10 Gyr by taking advantage of deep IR (esp. Spitzer 24 µm) and VLA 1.4 GHz observations of the COSMOS field. Consistent with recent model predictions, both Ultra Luminous Infrared Galaxies (ULIRGs) and galaxies on the bright end of the evolving IR luminosity function do not display any change in their average IR/radio ratios out to z ∼ 2 when corrected for bias. Uncorrected data suggested ∼0.3 dex of positive evolution.
INTRODUCTION
The IR/radio properties of galaxies at successively higher redshift have been probed in the past decade using either statistical samples from cosmological survey fields (e.g. Appleton et al. 2004; Frayer et al. 2006; Sargent et al. 2010 , hereafter: S10), the stacking technique (e.g. Carilli et al. 2008; Ivison et al. 2010) or dedicated samples of specific objects (e.g. sub-mm galaxies (SMGs); Kovács et al. 2006; Hainline et al. 2009; Micha lowski et al. 2009 ). Evolutionary studies, all based on samples poorly matched in terms of bolometric luminosity at low and high redshift, have provided conflicting results, concluding that the local IR-radio relation either does (e.g. Garrett 2002; Appleton et al. 2004; Ibar et al. 2008; Garn et al. 2009 ; S10) or does not (e.g. Seymour et al. 2009; Ivison et al. 2010 ) hold out to high redshift. Recently, predictions have been made for the redshift evolution of the IR/radio properties of star-forming galaxies having different luminosities and geometries (e.g. compact starbursts and normal star-forming disks; Murphy 2009; Lacki & Thompson 2009 ). The current generation of IR and radio observatories can directly detect the brightest of these systems over a significant fraction of Hubble time, provided that sufficiently large cosmological volumes are sampled. Here we make use of the VLA and Spitzer coverage of the 2 deg 2 COSMOS field to construct (cf. §2) a volume-limited sample of ULIRGs at z < 2 that allows a direct comparison of observations and theory. Our findings are presented in §3 and discussed in § 4. We adopt the WMAP-5 cosmology (Ω m = 0.258, Ω Λ + Ω m = 1 and H 0 = 71.9 km s −1 Mpc −1 ; Dunkley et al. 2009 ).
2. DATA AND SAMPLE SELECTION 2.1. IR and Radio Measurements The 1.4 GHz map (Schinnerer et al. 2007 ) of the 2 deg 2 COSMOS field reaches an average sensitivity of ∼0.017 mJy/beam (FWHM = 2.5 ′′ ). Here we use the VLA-COSMOS 'Joint' Catalog (Schinnerer et al. 2010, subm.) containing ∼2900 sources detected with S/N ≥ 5. Spitzer/MIPS imaging by the S-COSMOS project (Sanders et al. 2007 ) achieves a resolution of 5.8 ′′ (18.6 ′′ ) and a 1 σ point source detection limit of ∼0.018 (1.7) mJy at 24 (70) µm (for details see LeFloc'h et al. 2009 and Frayer et al. 2009 ). The depth of the 24 µm observations exceeds that at 70 µm and 1.4 GHz by roughly a factor of seven in terms of equivalent IR luminosity (cf. Fig. 1 in S10) . At an equal detection significance level (3 σ), the 24 µm catalog consequently is roughly 20-fold larger than the 70 µm source list (∼50,000 vs. 2,700).
Spitzer detections were matched to the VLA-COSMOS sources using a search radius of FWHM /3 for either IR filter. Ambiguous radio-IR associations were removed from the sample. Since the 1.4 GHz catalog is restricted to sources with S/N ≥ 5, we re-analyzed the radio map at the position of unmatched IR sources and added all resulting detections with S/N > 3 (∼2100 objects) to the sample. For more information on the band-merging and the flux distributions of the (matched and unmatched) IR and radio sources we refer to the detailed description in S10.
We use the joint flux information at 24 and 70 µm to determine -given the known redshift (cf. § 2.2) -the bestfitting synthetic IR spectral energy distribution (SED) and thence the IR luminosity, L TIR ≡ L(8 − 1000 µm). As described in S10 ( § 4; see also Murphy et al. 2009 , for additional details on the SED fitting), templates according to Chary & Elbaz (2001) are used for galaxies directly detected in both MIPS filters. For sources only detected at 24 µm we also fit the Spitzer photometry (including the 70 µm upper flux limit) with Dale & Helou (2002) template SEDs and define the best estimate of the IR luminosity as the average L TIR from the two separate fits. Inferring L TIR from only two bands at wavelengths shorter than the peak of the IR emission is expected to lead to uncertainties of a factor two to five Kartaltepe et al. 2010) . Although our estimates of L TIR are thus less precise than those presented by, e.g., Ivison et al. (2010) for a similar study, there is no consensus in the literature that they are systematically biased to low or high fluxes (cf. discussion in S10, § 6.5). The IR/radio properties of our sources are characterized by the logarithmic TIR/radio flux ratio q TIR (Helou et al. 1985) :
The rest-frame 1.4 GHz luminosity L 1.4 GHz is
where S ν (1.4 GHz) is the observed integrated radio flux density of the source and D L (z) the luminosity distance. The K-correction (1 + z) −(1−α) depends on the spectral index of the synchrotron emission, which is set to α = 0.8 (Condon 1992) . Given the mean spectral slopes typically measured for faint extragalactic radio sources (0.4 α 0.9; e.g. Ibar et al. 2009 ) our values of L 1.4 GHz should be accurate to within 40 (70)% at z ∼ 1 (2). The main contribution to uncertainties on q TIR thus stems from errors on L TIR .
Distances and Source Classification
Optical data and photometric redshifts 15 are taken from the catalog of Ilbert et al. (2009) . The wavelength range spanned by these observations (30 broad, medium and narrow band filters) extends from 1550Å to
15
The photo-z dispersion σ( ∆z /(1+z)) is 0.007, 0.013 and 0.051 for sources at z < 1.25 with i AB < 22.5, i AB ∈ [22.5, 24] and i AB > 24, respectively. At higher redshifts the accuracy of the photometric redshifts decreases by a factor of ∼3.
8 µm. Capak et al. (2007 Capak et al. ( , 2008 ) provide a complete description of these observations. Spectroscopic redshifts from the zCOSMOS survey (Lilly et al. 2009 ) or Magellan/IMACS and Keck/Deimos follow-up observations (e.g. Trump et al. 2009; Kartaltepe et al., in prep.) are available for ∼25% of our sources, most of which lie at z 1. (See values of f spectro (z), the spectroscopically observed sample fraction, in Fig. 2 .) The quality of distance measurements is assessed using spectroscopic confidence flags or the width of the photo-z probability distribution in the case of photometric redshifts (see S10, Appendix). Sources that do not fulfill the reliability requirements are excluded from the subsequent analysis. The optical photometry and spectroscopy was matched to the radio and IR catalog entries using a search radius of 0.6 ′′ and 1 ′′ (reflecting the larger uncertainty on the centroids of IR sources), respectively. As done for the band-merging of the Spitzer and VLA data, ambiguous optical-IR/radio associations are discarded. In Fig. 1 we plot the IR luminosities of our sources as a function of their redshift. Based on the range of accessible IR luminosities at each redshift we define two populations for later investigation: (i ) ULIRGs with L TIR ≥ 10 12 L ⊙ , and (ii ) all objects populating the bright end of the TIR luminosity function (LF) derived by Magnelli et al. (2009) 
3.6±0.4 represents the break in a double power law parameterization 16 for the TIR LFs. Both selection approaches lead to a volume-limited sample of either ULIRGs or 'IR-bright' galaxies spanning the range z 2. We divide our sample into star forming (SF) galaxies and active galactic nuclei (AGN) using a modification of the rest-frame optical color-based method developed by Smolčić et al. (2008) . Optical-to-near-IR SED fits with the package ZEBRA (Feldmann et al. 2006 ) provide rest-frame (u − K)-colors that are translated into the probability of 'SF-hood', Pr (SF), for each object in our sample (cf. § 3 in S10). SF systems are all galaxies with Pr (SF) > 0.5 (or (u−K) AB < 2.36). Galaxies with redder colors are regarded as AGN hosts.
3. RESULTS To constrain the evolution of average IR/radio ratios we compute the median, q TIR , in different redshift slices. The selection threshold for ULIRGs and the IR-bright population lies well above the faintest accessible IR luminosities in the redshift range 0 < z < 2 (c.f. Fig. 1 ). Our samples are a mixture of (i ) sources directly detected at IR and radio wavelengths, plus (ii ) 24 µm-detected sources with only a 3 σ upper radio flux limit from the 1.4 GHz rms image. The corresponding IR/radio ratios are either well-defined (within experimental uncertainties) or lower limits and, when combined, form a 'censored' sample that is best analyzed with the tools of survival analysis. In the present case of one-sided censoring, the cumulative distribution function (CDF) of measurements of q TIR can be derived with the Kaplan & Meier (1958) product limit estimator. As it is normalized (i.e. runs from zero to unity), the median corresponds to that q TIR for which the CDF is equal to 0.5. We derive q TIR for our sample of 1,692 SF ULIRGs and for all 3,132 COSMOS ULIRGs (SF and AGN). Fig. 2a shows the accordingly normalized CDFs. At q TIR ≫ q TIR , the CDFs approach a non-zero value reflecting the number of lower limits on q TIR that may exceed the largest uncensored measurement in that bin. Due to the comparatively shallow VLA observations, IR sources without a directly detected 1.4 GHz counterpart become more frequent as redshift increases. Therefore, the width of the redshift bins chosen for the construction of the CDFs compromises between a split of the studied redshift range z < 2 into regular intervals and the aim to sample the distribution function down to the median. In Fig. 2b we show the CDFs for IRbright COSMOS sources (3,004/5,657 in the SF/total sample, respectively) that satisfy L TIR ≥ L (knee) TIR (z). The larger number of faint(er) luminosity sources allowed us to divide the range z 1.6 into thinner slices than was done for ULIRGs. Moreover, there was a sufficiently large number of objects of this class even at low redshift (0 < z < 0.2), whereas the closest ULIRG in our sample lies at z ∼ 0.4 (cf. Fig. 1) . The values of q TIR reported in Table 1 increase at z ≫ 1. In S10 (Fig. 17 and Table 6 ) we found that -although average IR/radio ratios display little evolution with redshift -the dispersion σ qTIR in the COSMOS data increases fairly abruptly at z ∼ 1.4. This is primarily due to increased uncertainties in q TIR , but might also hide a small intrinsic increase in the dispersion. The scatter σ qTIR directly influences the shift (e.g. Kellermann 1964) ∆q bias = ln(10) (β − 1) σ 2 qTIR (3) between the average IR/radio ratio of flux-limited samples selected at IR and radio wavelengths (β is the power law index of the differential source counts dN /dS ∝ S −β ). S10 showed that eq. (3) predicts the actual offsets present in the COSMOS data remarkably well. Because of the higher sensitivity of the 24 µm observations, the present sample is effectively IR-selected. Eq. (3) allows us to compensate for the relative offset between medians at high and low redshift that arises artificially due to the increased scatter in our data at z 1.4. In doing so, we (i ) use that σ qTIR (z 1.4) ≈ 0.35 and σ qTIR (1.4 z < 2) ≈ 0.75 (cf. S10, Table 6 ), and we (ii ) assume that the observed flux densities of galaxies at z > 1.4 primarily lie in a range of sub-Euclidean source counts where β ≈ 1.5 (e.g. Chary et al. 2004; Papovich et al. 2004 ). The resulting correction (to be subtracted from the medians at z > 1.4) is Dq corr. = ∆q bias (1.4 z < 2) − ∆q bias (z < 1.4)
= ln(10) (1.5 − 1) × 0.75 2 − (2.5 − 1) × 0.35
with an associated uncertainty (owing to the errors on σ qTIR and β) of approximately 0.13. Our step functionlike correction neglects that sources at a given redshift may be drawn from a flux range with continuously varying β. This is the simplest possible form that allows us to correctly compensate for an apparent, spurious offset in q TIR between the limits of our investigated redshift range.
In Fig. 3 we plot q TIR vs. redshift and relate these medians with the best-fitting evolutionary trend of the form qTIR(z) / qTIR(z=0) ∝ (1 + z) γ for each of our (sub-)samples. To constrain the fit at low redshift we add a low-z data point (both for the ULIRG and the IR-bright sample) based on the complete IRAS-selected sample of Yun et al. (2001) . The values of q FIR given by Yun et al. (2001) were converted to q TIR by boosting their IR flux by a factor of two 17 , the average difference between the mean q TIR and q FIR found by Bell (2003) . Since SF systems in the sample of Yun et al. (2001) could not be identified following the procedure employed for the COSMOS galaxies (see § 2.2), our reference sample for SF galaxies simply consists of all local sources with L 1.4 GHz < 10 24 W/Hz, in keeping with Condon (1989) . The two panels of Fig. 3 show the evolutionary trends for SF systems (top) and all galaxies (SF and AGN; bottom). To account for the asymmetric error bars, we have drawn 1001 values from within the 95% confidence region of each median 18 and then fit the evolutionary trend 1001 times based on random combinations (without replacement) of the resampled medians. The final best-fit values given below are the medians of the parameter distributions thus obtained. If the uncorrected high-z medians are included in the evolutionary fit, we find an exponent γ = 0.09
for ULIRGs (SF and total sample, respectively) and γ = 0.13 ± 0.06/0.12 ± 0.04 for the IR-bright galaxies. (Errors delimit the 95% confidence interval.) This would imply a doubling of the average TIR/radio flux ratio from redshift 0 to 2, with most of the evolution happening at z 1.4. By taking the corrected medians at z 1.4 into consideration, we find an evolution of the average IR/radio ratios of ULIRGs according to (1 + z) −0.01±0.06
(identical for SF and all ULIRGs). Similarly, the trend for the IR-bright population is consistent with being zero, both for the total sample (γ = 0.03 
CONCLUSIONS
We have presented the first investigation of the evolution of the IR-radio relation out to z ∼ 2 for a statistically significant, volume-limited sample of IR-luminous galaxies. This advance became possible thanks to two factors: (i ) the large area and deep mid-IR coverage of the COSMOS field, and (ii ) the inclusion of flux limits in the analysis with appropriate statistical tools. At redshifts z < 2 the median TIR/radio ratio of ULIRGs remains unchanged if we compensate for biases. On the most basic level this implies that their magnetic fields, B, are sufficiently strong to ensure that cosmic ray electrons predominantly lose their energy through syn-
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Due to the well-constrained mean IR/radio ratios in the samples of Yun et al. (2001) ( q FIR = 2.34±0.01) and Bell (2003) ( q TIR = 2.64±0.02) this average correction factor is accurate to within a few percent.
18 When upper confidence limits are ∞, we set the upper error bar to twice the lower one. This eases the calculation of γ, while reflecting that upper and lower confidence interval are generally similar down to the 60 th percentile of the CDF.
chrotron radiation (rather than inverse Compton scattering off the CMB). Regarding the 0.3 dex increase of the uncorrected evolutionary signal as an upper limit implies that B 30 µG (e.g. Murphy 2009, Fig. 5) , as expected for compact and strong starbursts. This conclusion applies to both SF systems and optically selected AGN hosts, consistent with the similar mean IR/radio ratios reported for these two classes of objects in S10. Our finding agrees with theoretical and numerical expectations that ULIRGs should follow the local IR-radio relation until at least z ∼ 2 (Lacki & Thompson 2009; Murphy 2009 ). Moreover, it suggests that the lower IR/radio ratios frequently reported for high-z SMGs (e.g. Kovács et al. 2006; Valiante et al. 2007; Murphy et al. 2009; Micha lowski et al. 2009 , but see also Hainline et al. 2009 ) are not typical of distant ULIRGs in general. Our complete sample of 'IR-bright' galaxies -the population that resides on the evolving bright end of the TIR LF -links high-z ULIRGs to normal IR-galaxies (log( LTIR /L⊙) 10.5) in the local universe. The fact that the average IR/radio ratio of the latter is very similar to that of ULIRGs demonstrates that the similar IR/radio properties of existing SF samples at low and high redshift are not the fortuitous consequence of comparing objects in different luminosity ranges. While distant starbursts follow the same IR-radio relation as local sources, this has not yet been ascertained for galaxies with moderate SF rates ( 10 M ⊙ /yr) that cannot be directly detected with current radio and far-IR facilities. The recent stacking analyses of Seymour et al. (2009) and Ivison et al. (2010) measured a steady decline of average IR/radio ratios that begins at z < 1 and continues out to z > 2. Given that the average IR luminosities of their image stacks are comparable to those of our 'IR-bright' sample these findings are at odds with our measurements and, as shown here, cannot be ascribed to a luminosity offset between low and high redshift sources. It is to be expected that the origin of the discrepancy -possibly the different methodology, sample selection or SED evolution (e.g. Symeonidis et al. 2009; Seymour et al. 2010 ) -will soon be identified in upcoming EVLA and Herschel surveys by virtue of the increased sensitivity and/or wavelength coverage these observatories offer. The latter capability in particular will ensure more accurate measurements of radio spectral indices and a better sampling of dust emission well into the far-IR which is crucial to the determination of the dust temperatures in distant starbursts. These improvements should also lead to a decrease in the scatter of the IR-radio relation at high redshift, thereby reducing both the need for and the impact of bias corrections of the kind that were applied in this work.
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